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Abstract

A Planar Doppler Velocimetry (PDV) system has been
constructed and used to investigate the instantaneous tur-
bulent velocity structure of a round high-speed
compressible air jet with a low-speed co-flow. The exit
condition was Mach=0.85 at ambient pressure, yielding
a Reynolds number of about 650,000 on diameter. The
PDV system was installed at NASA Langley Research
Center in the Small Anechoic Jet Facility (SAJF), a
chamber in which both the acoustic and aerodynamic
properties of jets can be studied. For this test, the goal
was to gather data which can be used to relate the turbu-
lence structure of the jet to the levels and character of the
acoustic noise produced by the jet.

The current PDV system can acquire single-velocity-
component, single-shot, planar images (15 ns exposures)
at 30 Hz. For this paper, the primary data set consists of
240 frames of velocity data acquired with both the jetand
the low-speed co-flow seeded with light-scattering parti-
cles. Thus, velocities could be measured everywhere in
the jet shear layer, both in the jet fluid and in the en-
trained co-flow. Some data were also taken with only the
jet flow seeded. These provided mixing concentration
images along with the reduced velocity fields. Other im-
ages were taken with only the co-flow seeded. These
produced unique quantitative images of high speed en-
trainment.

Optical “laser speckle” noise is the largest source of
random noise in pulsed PDV systems. Components for
the PDV imaging system were specifically selected to
minimize speckle noise. To reduce systematic velocity
errors due to laser drift, a frequency monitoring refer-
ence leg with a temperature-tuned reference iodine cell,
was employed.

In the course of this study, a novel flow seeder was de-
veloped. It enabled continuously variable seeding of the
flow with particles of Sheared Pyrogenic Amorphous
Hydrophobic Silica (SPAHS). The seeder comprised a
dry fluidized bed hopper and a supersonic nozzle
“pickup.” Shearing action in the pickup dispersed the
seed material in an exceptionally fine cloud (~0.3 mi-
cron). These particles followed the flow well, did not
clump or cake on screens or model surfaces, and were

not susceptible to evaporation. Because of the refractory
nature of the particles, SPAHS seeding should also be
applicable to anticipated future testing at high tempera-
tures.

L. Introduction

A number of researchers!™> have reported progress on
the development of Doppler velocimeters which acquire
velocity images on a plane in the flow. These systems are
based either on Rayleigh or Mie scattering for signal
generation and use either argon-ion CW (continuous
wave) lasers or frequency-doubled Nd:YAG pulse la-
sers. Both schemes employ optical filters full of iodine
vapor for velocity discrimination, although different
spectral lines are used.

The Nd:YAG/pulse laser approach is more useful for
the study of turbulent flows and other unsteady phenom-
ena since it provides instantaneous (~15 ns) images of
the velocity field. This work describes progress in the de-
velopment of a previously reported® 30 Hz pulsed
Nd:YAG-based Planar Doppler Velocimetry (PDV) Sys-
tem as well as its installation and testing in the Small
Anechoic Jet Facility (SAJF) at NASA Langley Re-
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search Center. The goal of the test program was to reduce
measurement inaccuracies in the PDV measurement as
applied to this particular facility/geometry, discover and
resolve facility integration problems, and acquire data
sets on a round, compressible, high Reynolds number
(650,000 on diameter) jet that would be of use to both the
turbulent mixing and acoustics communities.

I1. Apparatus
Optical System:

Figure 1 shows a schematic of the optical system. The
light source is an injection-seeded 30 Hz pulsed
Nd:YAG laser which is frequency-doubled by a har-
monic generator crystal to produce approximately 100
mJ, 15 ns pulses at 532 nm. A small fraction of the beam
is split off and sent to a frequency monitoring leg which
uses both an etalon and a reference cell to determine rel-
ative and absolute positioning of the laser in frequency
space (discussed in detail below). The primary beam
propagated approximately 20 feet from the table to the
laser-sheet-forming optics in the facility. An optical
splitter system was used to create the reference/Doppler
image pairs required for the PDV technique. Both im-
ages were captured on a single CCD camera. With one
pair of images, a single velocity component could be
measured. It is indicated by the arrow labelled
(6 —1) o VinFig. 1. Due to the propagation direction of
the laser and the viewing angle of the camera, this com-
ponent is at an angle of 45° to the jet axis. For centerline
average data, the transverse velocity component is zero
and the data can be compared directly to streamwise pitot
velocities or streamwise core velocities based on isen-
tropic expansion (as will be done in Section III).

For the current implementation of the PDV system,
three important changes were made to improve measure-
ment accuracy. First, a different detector was used for the
imaging. The two images required to determine the sin-
gle velocity component measured were acquired side-
by-side on a Cohu 4800 frame transfer CCD using opti-
cal splitters. This camera employed a Texas Instruments
TC-241 array, a nearly 100% fill factor 2/3 inch format
(8.8mm x 6.6mm active area) frame transfer chip. Laser
speckle is the largest source of random error in PDV im-
aging and the best way to reduce it is to use the largest
possible chip with the largest possible fill factor. Larger
pixels provide better averaging of speckle patterns and
lower speckle noise. At about $1000 per unit, TC-241
based cameras are an economical choice (as opposed to
$25,000 scientific grade cameras) and a great improve-
ment over more common 1/2” format interline chip
cameras which have fill factors of less than 50%.

The second improvement was to use a more appropri-

ate imaging lens, again to reduce laser speckle noise.
Speckle noise increases linearly with f-number, so a
“fast” lens is desirable. A 50 mm tocal length 35 mm for-
mat 1.2 Nikon, a relatively low f-number, economical,
and readily available lens, was employed. For all tests
the aperture was left at the widest setting and exposure
was controlled with laser intensity and flow seed density.

With this combination of lens and camera, a relatively
low value of speckle noise, about 2% RMS, was
achieved on the Doppler and reference images. If the
noise between the Doppler and reference images were
perfectly correlated (i.e. there was pixel-for-pixel corre-
spondence) then all speckle noise would cancel. At the
other limit, if the speckle noise between the two images
was completely uncorrelated, the noise signals could be
considered independent random variables and the vari-
ances would add. The RMS would then be:

RMS

2 2
A/EMS Doppler + RMS “reference

22+ 2t

=28

velocity

The actual noise level for these velocity images was ~3%
RMS, indicating that the noise was not correlated in this
case.

One additional means of speckle noise reduction was
tried but proved less effective than hoped and rather im-
practical. It was shown in tests with a laser sheet in a
stationary sample medium, that when injecting two sep-
arate laser sheets, the imaged speckle noise could be
reduced by a factor of /2. The sheets had to be separated
in time by at least the width of the laser pulse (here gen-
erated with a single laser and an optical delay line) and
separated in space by at least the width of the laser sheet.
Reduction was achieved by imaging the superposition of
the two uncorrelated speckle patterns generated by the
two different laser sheets. In the SAJF test environment,
half of the light passed to the sheet-forming optics was
split off and run through a 20 meter delay line before it
too was sent to the sheet-forming optics. It was hoped
that the movement of the flow between laser pulse arriv-
als would sufficiently decouple the speckle patterns
resulting in the same factor of J2 reduction in speckle
noise seen in the stationary test. Instead, the resulting im-
ages displayed speckle noise with less than a 10 percent
noise reduction. The images appeared “smeared” in the
direction of motion by a fraction of a pixel, i.e. the
amount the flow moved between the arrival of the first
laser sheet and the second. This indicated that the desired
decorrelation between the two speckle patterns was not
realized. The additional experimental complexity associ-
ated with a long optical delay line was not warranted for
the amount of noise reduction achieved; therefore, the
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scheme was abandoned.

The third improvement was the addition of a fre-
quency monitoring cell. A small fraction of the 532 nm
laser beam was split oft and passed down a referencing
path and through a reference iodine cell. Photodiodes be-
fore and after the ceil were used to monitor the relative
transmission through the iodine vapor. Signals from the
photodiodes were processed by boxcar integrators, the
outputs divided on an analog module, and the resulting
transmission ratio displayed in real time. By carefully se-
lecting the proper temperature for the reference cell, the
displayed ratio could be made highly sensitive to drifts in
the laser frequency away from the set point desired for
the experiment.

Figure 2 shows the calibration curve of the reference
cell plotted with the calibration curve for the imaging
cell. Both curves are representations of the iodine ab-
sorption line at 18787.8 cm’l. These calibrations were
done by scanning the laser at a fixed rate with the iodine
cell (either the reference or imaging cell) placed in the
referencing path described above. In this case the photo-
diode signals recorded the relative transmission ratio as
a function of laser frequency.

Also plotted in Fig. 2 is the output from a | GHz free-
spectral-range Fizeau etalon used to calibrate the relative
scale of the frequency axis. Another small fraction of the
532 nm beam was split off, expanded to fill the aperture
of the etalon (~25 mm), and passed through the etalon to
a screen. A set of parallel interference fringes traversed
the screen as the laser frequency was varied with time.
Whenever a fringe advanced past a mark on the screen, a
button connected to a battery was depressed to record a
spike on a separate channel of the digital acquisition sys-
tem. Ideally, this spike would have been recorded by
letting the fringe traverse across the face of a photodiode,
but no additional boxcar integrator channels were avail-
able.

Both cells had a pathlength of 20 cm and zero buffer
gas partial pressure (i.e. pure iodine vapor). The imaging
cell stem temperature (35 °C) and body temperature (70
°C) were regulated by PID controllers driving electric
heaters with feedback from thermocouples on the cell.
The body of the reference cell was maintained at 40 °C
by the same means. However, the stem of the reference
cell was held at 17 °C using a copper coil heat exchanger
in a chiller circuit. This additional complexity was re-
quired because the desired reference stem temperature
was below ambient.

Note that in the vicinity of the laser frequency set-
point indicated on Fig. 2, the reference cell scan has a
large slope while the imaging cell scan is nearly flat. If
the reference cell conditions had been chosen to be the
same as the imaging cell conditions, very little sensitivity
to frequency drift would have been produced at this set-

point. However, by cooling the reference cell stem, the
spectrum was modified to yield a larger slope in the re-
gion around the set-point; thus, good sensitivity to laser
drift was achieved. Based on the displayed drift error, the
laser frequency was manually adjusted during jet data ac-
quisition sessions by making corrections on a precision
voltage source which supplied a signal to the temperature
controller feedback circuit on the seed laser. Using this
approach, slow (~ 5 MHz/minute) drifts away from set-
point could be corrected prior to data acquisition, which
only lasted about 4 seconds for a 120 image sample.

Related to this improvement was a modification of the
laser to reduce short term frequency drift. Output fre-
quency was found to be a strong function of laser rod
temperature; thus, the original equipment temperature
controller, a self-regulating thermal valve that metered
tlow of tap water through a heat exchanger in the laser’s
de-ionized cooling water circuit, was upgraded. The
OEM valve was replaced with a stepping-motor driven
valve controlled by a microprocessor PID unit which
sensed rod temperature via a thermocouple in the laser’s
cooling water reservoir. To get maximum stability, the
PID controller was run in proportional mode with man-
ual offset, reducing temperature fluctuations to about +/-
0.1 K. This reduced laser frequency fluctuations due to
rod cooling to below those introduced by seeder dither
(~10 MHz).

This temperature control scheme also allowed variable
control of the rod temperature. The Continuum YG-590
used for the current tests had better seeding stability at a
rod temperature of 45 °C as opposed to the fixed factory-
set value of about 41 °C.

Flow Seeder:

A unique flow seeder was developed in the course of
the investigation. It produced Sheared Pyrogenic Amor-
phous Hydrophobic Silica (SPAHS) particles about 0.3
micron in size and with sufficient volume to obtain high
SNR (signal-to-noise ratio) reference and Doppler im-
ages at the available laser energy (~25 mJ/pulse). The
shearing, which occurred in the supersonic injector noz-
zle of the seeder described below, dispersed the seed.
The bulk seed material, trade name Aerosil R972 (De-
gussa Corporation), is a pyrogenically produced (silane
flame), amorphous synthetic silica which is post-pro-
cessed through chemical treatment to be hydrophobic. It
is an inert substance used as an additive in toods, bever-
ages, paints, plastics, and rubber. Crystalline silica
particles produce silicosis, or ‘Quartz Lung,” but
SPAHS, having an amorphous structure, presents no
such hazard.” Since it is hydrophobic, SPAHS is very re-
sistant to caking and agglomerating, and the raw material
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(before shearing) is easily fluidized-a critical property
for the current delivery scheme.

At $150 per 20 kg. bag, the Aerosil material was ex-
tremely economical. The approximate seed usage rate
was just under 2 g/sec for the Mach=0.85 case (main jet
air flow was about 300 g/sec).

A schematic outlining the operation of the SPAHS
seeder is shown in Figure 3. Fluidizing air is introduced
through line A to the chamber at the base of the seed hop=
per C. The air passes through membrane B (a plastic
fiber cloth) and lifts the bulk seed material from the
membrane into a “fluidized” slug of freely suspended air/
seed mixture. Valve D at the top of the hopper can be ad-
justed to limit the venting of the fluidizing air, thus
pressurizing the seed hopper to produce higher seed flow
rates as necessary. The seed hopper is constructed of
clear plastic pipe, allowing the operator to visually ob-
serve the height of the fluidized seed column. Thus the
pressure at A and the back pressure induced by D can be
balanced to produce the desired result (sufficient “fluff-
ing” without overflow of seed through the vent at the top
of the hopper).

The seed flow air is introduced on high pressure line E
(75 - 100 psia for the current tests), passes through the
seed pick-up and is carried to the jet core flow and co-
flow by the exhaust line F. On the inset diagram, the de-
tails of the seed pick-up are shown. The body of the pick-
up is a Mach 3 converging-diverging nozzle. Seed is in-
troduced into the pick-up body through a normal injector
J (ahole drilled at a right angle to the Mach 3 air stream).
The injection port is normally closed by the insertion of
the shut-off valve H. This valve is only opened by the
pneumatic actuator G when seed is required. Typically,
the fluidizing flow (A—D), the seed flow (E—F), and the
facility flow are all established and equilibrated, a pro-
cess that may take several minutes, before valve H is
opened just prior to data acquisition.

Prior to passage through the injector port, the seed con-
sists of “feathers” of silica particles (approximately
0.016 um in diameterg) loosely bound into long interwo-
ven chains (~ 500 pm across). When the seed feathers are
drawn into the port J, they experience a cross flow of ap-
proximately 600 m/sec and are powerfully sheared into
smaller particles. Further dispersion is presumed to take
place in the shock train downstream of the pressure mis-
matched Mach 3 nozzle. A typical particle size 0of 0.3 um
was observed for samples deposited on a slide and
viewed under an optical microscope.

Small Anechoic Jet Facility (SAJF):

The SAJF is an approximately 7x10 meter anechoic
chamber in which both the acoustic and aerodynamic

properties of free jets can be studied. Figure 4 illustrates
the jet hardware as installed in the chamber. The main jet
air was supplied from a central 1000 psi air supply and
could be electrically heated to high temperature (in the
current tests just 305 K to reduce condensation on the
hardware).

Prior to the current test, the facility had undergone an
ad-hoc modification to provide some variety of co-flow.
A two foot diameter sheet metal pipe allowed room air to
be drawn into the chamber around the jet piping. An ex-
haust blower at the far end of the chamber induced a co-
flow of about 7 m/s. Turbulence levels in this flow were
so high due to the wake from the jet hardware supports
and the massive leading edge separation from the straight
sheet metal pipe, that it was not possible to produce a
uniform region of seed around the central jet. A tempo-
rary bell mouth (flashing and tape) and a temporary
centerbody (corrugated cardboard and tape) were con-
structed at the inlet of the two-foot diameter pipe.
Turbulence screens were also added at downstream loca-
tions to further stabilize the co-flow. With the bulk co-
flow settled, it was then possible to velocity match an in-
ner annulus (about 1 inch in the radial direction) of
seeded co-flow air and have it delivered in a uniform
field to the jet exit. This air was supplied by a variable
speed centrifugal blower. The SPAHS seed was added
just upstream of the blower to ensure good mixing of the
injected seed with the co-flow air. For the central jet,
seed was simply injected through a single port in the
main supply pipe just upstream of the co-flow inlet.

The laser table with monitoring/calibration optics and
the other data acquisition equipment were located adja-
cent to the anechoic chamber in a controlled access
partition area. From the partition area, the laser beam
was passed through a protective pipe enclosure to a 12
cm. hole in the wall of the anechoic chamber. Inside the
chamber, the beam was steered by a turning prism to la-
ser-sheet-forming optics on a rail parallel to and beneath
the jet centerbody. Finally, as shown in Fig. 4, the laser
sheet was turned up by a mirror to the airfoil-enclosed
periscope which injected it upstream into the flow by
means of another mirror and a window in the leading
edge of the airfoil. Attached firmly to a 2 foot x 6 foot op-
tical table which was in turn secured to a heavy metal
translation system on the floor of the chamber, the airfoil
periscope isolated the enclosed optics from the dynamic
loads imposed by the jet flow.

The beam path throughout the anechoic chamber was
completely enclosed, either with plastic PVC piping or
sheet metal box covers, to prevent seed material from
settling on optical surfaces. The most vulnerable part of
the enclosure was the leading edge of the airfoil. Here, an
uncoated glass window was secured with silicone sealant
over a | cm wide slit which had been milled to pass the
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taser sheet upstream into the tlow. Care was also taken to
tape over all the other joints around the leading edge of
the periscope enclosure-in an early trial SPAHS seed
was driven in through a narrow seam in the metal skin
and coated all the optics.

An initial concern, that air film injection would be re-
quired along the leading edge to keep the window clear
of deposited seed, proved unfounded. With the non-cak-
ing SPAHS, the window was easily kept clear by the
force of the impinging jet flow.

IH. Data

The raw data set acquired in this experiment consists
of 240 reference image/Doppler image pairs taken at 30
Hz in the M=0.85 round jet. All data were acquired on a
vertical centerline plane and include a streamwise extent
of just over 6 jet diameters. Each image contains 580 pix-
els in the streamwise direction and 120 in the transverse
direction for a total of 69,600 sample locations.

For a comparison of this resolution to more conven-
tional measurement technology, consider an equivalent
normal hot-wire frequency response that can be calcu-
lated using the mean flow velocity and Taylor’s
hypothesis. In other words, if the turbulence structures
seen on the PDV images did not evolve but simply trans-
lated over an ideal hot-wire, what frequency response
would be required to provide the same spatial resolution
seen on the images? Assuming 2x2 pixel binning for a
conservative estimate of spatial resolution, and a jet core
flow of 280 m/s, this value is about 400 kHz.

It should be noted that this 400 kHz equivalent re-
sponse is only valid to the local region of each image.
Because the images were acquired at 30 Hz and the flow
moves much more than 6 diameters between images,
each image is an independent random sample. There is
no temporal overlap between images (as would be re-
quired to make a true “movie”).

Figure 4 shows a typical set of images acquired in a
single laser pulse. The reference and Doppler images
were acquired simultaneously on the camera; the veloc-
ity image was derived using the following method:

1. A background file was generated by blocking the
laser and sampling 100 images which were averaged
together. This background file was subtracted from
each gain, reference, and Doppler image prior to fur-
ther processing.

2. A ‘gain’ file was generated by steering the laser
beam onto a white card placed near the camera. La-
ser light scattered from the card illuminated a poster
board screen placed 20 cm beyond the jet centerline
(this kept the imperfections on the poster board out
of focus). The image of this uniform field of light re-

corded the vignetting introduced by the splitter
optics and iodine cell and the gain for each camera
pixel. Each data frame was divided by this gain im-
age to remove these effects.

3. The processed Doppler image was extracted from
one side of the frame and slightly warped using bi-
linear interpolation to register exactly with the other
side of the frame. It was found that registration ac-
curacy to a tenth of a pixel or less was required to
provide good velocity images. Warping ‘tie-points’
were determined interactively by aligning a ‘dots’
file. This image was produced by blowing dust into
the measurement volume with the laser sheet on to
produce a field of pixel-sized dots that were suitable
for alignment.

It should be noted that a dot imaged on the reference
half of the CCD might be centered on a pixel, while
on the Doppler half of the array the light from that
dot might be split over two or more neighboring pix-
els. When selecting tie points for the registration
warp, every effort was made to select, with sub-
pixel accuracy, the centroid of each dot when it oc-
cupied more than one pixel.

4. The processed Doppler image was divided by the
processed reference image and the ratio converted
from intensity to velocity using the transmission
curve in Fig. 2. Dither noise was removed from the
transmission curve by loose fitting a spline. It should
be noted that velocity is set to zero in regions where
the reference image signal is too low to produce
good data (say, 50 counts). Thus, in regions of the
flow with little or no seed, velocity is automatically
(if not necessarily correctly) set to zero.

This data reduction process was performed using in-
house C routines object-linked via command line argu-
ments in UNIX shells. By using these optimized routines
and a low-overhead raw data format, a data reduction
speed of about ten velocity images per minute was
achieved on a relatively slow DecStation 5000.

For Fig. 5, SPAHS seed was added only to the jet fluid.
Although not the optimum strategy for measuring the ve-
locity field, the reference image for this arrangement
provides a good mixing map of the jet fluid as it spreads
into the co-flow air. Variations in intensity across the la-
ser sheet have not been removed, so this mixing map is
only an approximation. The dark stripe down the jet cen-
terline is an artifact due to a non-uniform laser sheet,
although note that it is completely removed in the final
velocity image via the ratio step in the data reduction
process. Compare the reference and velocity image. On
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the reference image, intensity is linearly related to jet
fluid density; on the velocity image, intensity is linearly
related to velocity (the brightest regions are at about 280
m/sec). The spreading rate in the reference image is
larger as jet mass is stripped off and fills a rotational
layer between the instantaneous potential core and the
co-flow. In the velocity image most of this rotational
fluid is not visible, indicating that it is travelling at quite

—a low speed (under 50 m/sec). However, some ‘fingers’

of high speed fluid, inclined to the jet axis at about 45°,
persist.

In Fig. 6 SPAHS seed has been introduced to both the
jet flow and the co-flow. This is the optimal arrangement
for velocity imaging since velocities can then be deter-
mined everywhere in the field, in the entrained as well as
the entraining air. The primary data set of 240 velocity
images was taken with this seeding scheme. The main
difference between Fig. 6 and Fig. 5 is that the co-flow is
visible in the reference image in Fig. 6. The correspond-
ing Doppler images look very similar, but in Fig. 5 the
co-flow region outside the central jet is dark because
there is no seed there; in Fig. 6 it is dark because the light
scattered from it is suppressed by the velocity discrimi-
nating filter. This is an important distinction. In Fig. 6,
the Doppler image should contain more information,
namely signal from the fluid elements which have been
accelerated by the jet but have not mixed fully with jet
fluid.

In Fig. 7, SPAHS seed has been added only to the co-
flow fluid, producing unique visualizations of the en-
trainment process. Doppler images are shown for two
cases: the same M=0.85 flow condition represented in
the previous figures, and a supersonic screeching case.
The supersonic screech case was achieved by using the
same converging nozzle and increasing the nozzle pres-
sure ratio (NPR) to a value that would produce M=1.2
were the flow perfectly expanded.

In Doppler images, greyvalue at any pixel is a function
of two things, seed density and velocity. For Fig. 7, only
fluid elements which have come from or mixed with el-
ements from the co-flow contain seed; only fluid
elements which have been accelerated appear bright
through the velocity discriminating filter. To the extent
to which the co-flow is seeded uniformly and to which
the velocity discriminating filter is linear, these images
represent the product of co-flow fluid concentration and
velocity. This quantity is an excellent indicator of en-
trainment and mixing.

In Fig. 7 there are structural differences in the charac-
ter of the subsonic and supersonic mixing streams. The
overall spreading rate of the subsonic layer is somewhat
lower, although in the first diameter of streamwise
progress the rate is higher. In Fig. 8 an expanded view
comparison of this initial part of the shear layer shows

the characteristically lower spreading rate of the super-
sonic case. Also, note the obvious differences in shape
and periodicity of these initial shear layer instabilities.
Farther downstream, the supersonic layers spread more
quickly and develop periodic packets of entrainment as-
sociated with screech. A typical packet spacing is about
1 jet diameter, which implies a screech tone of about 8
kHz for a packet translation speed of 280 m/s.

Some statistical results are presented in Fig. 9. A mean
and RMS velocity image for the data set with simulta-
neous jet/co-tlow seeding are given, as well as a mean
image for the case with co-flow seed only. Each image is
based on a 240 shot data set.

For the purpose of quantitative comparison, selected
one-dimensional velocity profiles have been extracted
from the images at three stations as indicated on the
mean image in Fig. 9. These are presented in Figs. 10 a-
c¢. At each station three profiles are given, one from each
image—namely, the mean velocity profile, the RMS pro-
file, and a mean velocity profile based on the data set
where only the co-flow contained seed. On each plot the
expected core velocity based on isentropic expansion is
indicated for comparison. The measured velocity com-
ponent is actually at 45° to the jet axis; however, for a
plane on the centerline of the axisymmetric jet, the mean
cross-stream velocity component can be assumed zero,
allowing this comparison.

At Station 1 the average core velocity agrees well with
that for isentropic expansion, although the exit velocity
is not uniform. A somewhat higher velocity at the top of
the jet (~10%) is believed to be due to the removal of
some flow conditioning elements in the jet plenum. By
Station 3 the jet has spread and equilibrated, producing a
highly symmetric average profile.

From the RMS profile at Station 1, fluctuations across
the jet exit are about 18 m/s, or about 7% of core veloc-
ity. Approximately 3% of this RMS is an artifact due to
laser speckle noise. The remainder is assumed to be due
to laser dither and actual jet core velocity fluctuations. In
the shear layers, the peak RMS values at Station | are
about 33% of the core velocity. As the layers thicken, the
peak RMS values decrease to about 18% by Station 2. By
Station 3, the shear layers are beginning to merge (at
least in the mean) and the peak RMS values rise slightly
to about 22% of core velocity.

Although the RMS profiles are fairly smooth, a careful
inspection of the RMS image in Fig. 9 shows that at 240
samples, convergence has still not been achieved. Inter-
estingly, the image shows some “grain” in the shear
layers, inclined to the jet axis at about 45°. This suggests
that the prime contributors to the RMS field are turbu-
lence structures of that orientation.

The mean velocity profiles based on co-flow-only
seeding for Stations [, 2 and 3 (indicated as “co-only” in
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Figs. 10 a-c) agree well with the actual (seed both
streams) mean velocity profiles at the outer edge of the
shear layers. This region of agreement is small at Station
1 but grows as the shear layer thickens until Station 3,
where over half of the shear layer velocity profile is cap-
tured with co-tlow-only seeding. It is presumed that over
the region of agreement, only velocity fluctuations due to
the growing rotational layer of fluid between the co-flow
and potential core are important. At the inner edge of this
region, the velocity based on co-flow only seeding be-
comes invalid, dropping off as the intermittent
instantaneous potential core comes into play. There is es-
sentially no seed in the potential core since the only
transport mechanism to get it there is molecular diffu-
sion, which is insignificant compared to turbulent
diffusion at these flow conditions. Recall that the data re-
duction algorithm assigns a velocity value of zero
(incorrectly, in this special case) to any region where
there is little or no seed.

Figure 11 directly compares the mean velocity profiles
at Station 3 for the case with jet-only seed, co-flow-only
seed, and seed in both streams (the assumed best an-
swer). Note that the jet-only-seed profile is in near
perfect agreement with the profile for both streams
seeded. This should come as no surprise after viewing
Fig. 5, where the reference image shows a faster spread-
ing rate than the Doppler image—the implication being
that all the important velocity fluctuations are marked by
seed from the jet core.

The most interesting comparison in Fig. 11 might be
that between the profile with co-flow-only seeding and
the profile with jet-flow-only seeding. These agree over
the same rotational part of the layer that was previously
discussed. Thus it is interesting to note that over this sub-
stantial region of the shear layer, the same velocity
profile is achieved whether the seed is put just in the cen-
tral jet or just in the co-flow.

Pitot profiles of this jet were available from a previous
test series, but not for the same total temperature condi-
tion. However, a pitot profile for Station 3 at Ty=445 K,
which has been scaled according to centerline velocity, is
plotted with the corresponding PDV data in Fig. 12.
These profiles show excellent agreement in overall shape
with some disagreement in the wings. The PDV data
show a more gradual transition to zero velocity in the
wings, a more “physical” result.

IV. Conclusions

An improved PDV system was installed and demon-
strated in the Small Anechoic Jet Facility (SAJF) at
NASA Langley Research Center. Data suitable for both
acoustic and mixing analysis were generated on the cen-
terline plane of a Mach=0.85 round compressible jet. A

reference iodine cell monitoring system was used to re-
duce systematic velocity errors due to laser frequency
drift and an improved imaging system reduced random
velocity errors due to speckle noise.

A novel “SPAHS” flow seeder was developed for
these tests. It generated a relatively large volume (com-
pared to PIV or LDV) of relatively small seed (~0.3
micron) which did not clog the plumbing or coat the win-
dow on the leading edge of the periscope airfoil used to
inject the laser sheet up the jet centerline. Innovations in
the seeder design allowed precise control of the seed
density, allowing the seed tlow rate to be used as the im-
aging exposure control. This was critical to reducing the
experimental complexity since the laser operated best at
one power setting (maximum) and the imaging lens had
to be used at one aperture setting (full open to reduce
speckle).

Mean and RMS velocity images and sample instanta-
neous velocity images were presented for selected cases
where only the jet was seeded, only the co-flow was
seeded, and both the jet and co-flow were seeded.
Unique visualization images of mixing and entrainment
were generated in the case of co-flow-only seeding.

Sample transverse velocity profiles were extracted
from the mean and RMS images and plotted for quanti-
tative comparisons. These profiles showed that for the
region of this jet that was examined (just over 6 diame-
ters streamwise) the mean velocity profiles were the
same whether the co-flow was seeded or not. At the far-
thest downstream location, the velocity profiles based on
co-flow-only seeding agreed with the correct profile over
a large part of the shear layer. This zone of agreement in-
dicates where, on average, mixing between the core and
co-flow has occurred.

The quantitative accuracy of the mean velocity data
was corroborated both by comparison to core velocity
based on isentropic expansion from measured plenum
conditions, and by comparison to pitot measurements at
the downstream station. The RMS velocity data were in
reasonable ranges although no facility-specific data were
available for comparison. A base level for RMS noise of
about 3% was observed and attributed primarily to laser
speckle.
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A. Fluidizing air supply

B. Fluidizing bed membrane

C. Seed hopper

D. Hopper vent valve

E. High pressure air supply

F. Seeder exhaust (to flow)

G. Pneumatic actuator

H. Seed intake port valve body

J. Seed intake port (normal injection)
K. Mach 3 shearing nozzle/pick-up

Fig. 3 SPAHS Dry Powder Seeder Schematic
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Reference Image Doppler Image Velocity Image

|
0 m/sec 280 m/sec

Fig. 5 Mach=0.85 Compressible Air Jet,
SPAHS Seed in Jet Fluid Only
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Reference Image  Doppler Image Velocity Image
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Fig. 6 Mach=0.85 Compressible Air Jet,
SPAHS Seed in Both Jet and Co-Flow
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Reference Image  Doppler Image Doppler Image
M=0.85 Case M=0.85 Case = NPR for M=1.2 Case

Fig. 7 Mach=0.85 and Mach = 1.2 Compressible Air Jets,
SPAHS Seed in Co-Flow Fluid Only
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Doppler Image Doppler Image
M=0.85 Case NPR for M=1.2 Case

Fig. 8 Initial Shear Layer Structure Comparison:
Subsonic/Supersonic
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Fig. 9 Mach=0.85 Compressible Air Jet,
240 Frame Statistics
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Fig. 10 a-c Selected PDV Velocity Profiles
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Fig. 12 PDV/Pitot Profiles Comparison
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